Two experiments, using Romney Marsh ewes, tested for the existence and role of a critical interval of the circadian pacemaker located near dusk that may be integrally involved in the precise timing of the breeding season. Groups of Romney Marsh ewes ( n = 6) were provided with exogenous melatonin by injection at dusk (Experiment 1) or by infusion at dawn or subjected to extended darkness at dawn (Experiment 2) from the winter to the summer solstice before being exposed to natural photoperiod at latitude 35&deg; S. Other than the experimental protocols, all animals were held in natural photoperiod. The onset of the breeding season (defined as cyclic ovarian activity as indicated by plasma progesterone monitoring) was normal in those animals treated with morning melatonin but was delayed in those animals treated with melatonin at dusk or extended darkness at dawn compared to controls in natural photoperiod (p < .01). Exogenous melatonin at dusk was associated with a phase advance of the onset of the circadian pacemaker (as measured by endogenous melatonin in acutely extended darkness); additional darkness at dawn was associated with a phase delay of both the onset and the offset of the circadian pacemaker. Exogenous morning melatonin did not change the phase of the circadian pacemaker relative to the controls. The results are consistent with an external coincidence model of seasonal breeding in which a critical interval of the circadian pacemaker requires exposure to light during spring/summer to time estrus correctly. The proposed critical interval appears to be located near dusk in this model and is phase locked to the circadian pacemaker. The effect of the exogenous melatonin on the timing of the breeding season is similar to darkness when administered at dusk but is not equivalent to darkness at dawn. The timing of anestrus was not affected by any of the experimental treatments and may reflect a common response to an environmental influence.
INTRODUCTION
The precise mechanism underlying the timing of the breeding season in animals that respond to photoperiod remains unclear. The most supported mechanism for photoperiodic estrus postulates an endogenous circannual rhythm of reproductive activity that is precisely synchronized by the natural changes in photoperiod that are transduced by the endogenous secretion of melatonin (Malpaux et al., 1989; Karsch et al., 1992; Woodfill et al., 1994) . Several pieces of evidence suggest in the sheep that the photoperiodic response consists of two cues: a &dquo;long-day&dquo; signal, which serves to prepare or sensitize the reproductive neural centers to a second signal, namely, the short days of autumn Malpaux et al., 1989 ). An important element in the long-day signal appears to be the reception of light at dusk before the summer solstice because when natural dusk light is precluded at this time, the breeding season is delayed Guerin et al., 1994) . If, however, dusk light is precluded after the summer solstice, the breeding season is advanced Dunstan, 1977) .
The changing photoperiod is reflected in the sheep by changing melatonin secretion, the long nights being associated with a longer duration of secretion (Rollag et al., 1978 ; Lincoln and Short, 1980; Arendt et al., 1981 ; Kennaway et al., 1983; Karsch et al., 1986 ). This signal is considered central to the precise timing of estrus because melatonin-free (pinealectomized) animals fail both to interpret photoperiod accurately and to synchronize the breeding season to the correct time of year (Bittman, Karsch, and Hopkins, 1983; Kennaway et al., 1987) . Exogenous melatonin appears to interfere with the reception of the dusk light signal and mimics darkness when administered at dusk before the summer solstice, and the breeding season is delayed (Guerin et al., 1994) ; when it is similarly administered after the summer solstice, however, the breeding season is advanced (Kennaway et al., 1982; Nett and Niswender, 1982; Arendt et al., 1983) .
Melatonin secretion is believed to be regulated by an endogenous circadian pacemaker thought to be located in the suprachiasmatic nuclei (SCN) of the hypothalamus (Moore and Klein, 1974; Lincoln et al., 1985) , and melatonin has been used as a peripheral marker of endogenous circadian rhythms Vanacek, 1982, 1983;  Lewy, 1983) . The SCN is entrained by the light:dark cycle. Melatonin is also known to be suppressed by acute light exposure (Illnerova et al.,1978) .
Using this knowledge, we sampled melatonin in the Romney Marsh ewe (held under natural conditions throughout the year) after acutely extending darkness to avoid any masking effects of natural light and reported a pattern of melatonin secretion different from that normally found under natural environmental conditions (Matthews et al., 1992) . During the spring/summer period, natural light at dusk appeared to suppress the melatonin signal; thus natural light coincides with a critical interval when the onset of melatonin secretion would normally be present under dim light conditions, the timing of which is regulated by the SCN. This may be the basis of the long-day signal required for estrus timing. This hypothesis was initially tested by either precluding dusk light or administering melatonin at dusk before the summer solstice, and both protocols were associated with a delay in the timing of the subsequent breeding season (Guerin et al.,1994) .
In the current study, we further examine the mechanism of the long-day signal, focusing particularly on the relationships among photoperiod, melatonin, and the endogenous circadian pacemaker. Experiment 1 repeats the administration of melatonin at dusk before the summer solstice to confirm a delay in the subsequent breeding season (Guerin et al., 1994) but with regular monitoring of endogenous melatonin secretion both under the treatment conditions and under acutely extended darkness throughout the treatment period. This experiment's particular aim is to examine the effect of melatonin at dusk on the timing of the unmasked onset of melatonin secretion, which may reflect a critical interval of the endogenous circadian pacemaker. In Experiment 2, exogenous melatonin or the preclusion of light at dawn is examined before the summer solstice to investigate the effect on the timing of the subsequent breeding season. These treatments at dawn were complementary to the dusk treatments reported by Guerin et al. (1994) . Again, the secretion of endogenous melatonin both under treatment conditions and under acutely extended darkness was monitored regularly during the treatment phase as a marker of the impact of treatment on the phase of the circadian pacemaker.
MATERIALS AND METHODS
Both Experiments 1 and 2 were conducted concurrently using a common control group that was exposed to the natural photoperiod. Methods and materials common to both experiments are explained here, followed by individual treatment descriptions.
The experiments were performed with 24 1112-yearold Romney Marsh ewes at the Waite Agricultural Research Institute, South Australia (latitude 35° S). Sheep were acclimatized for 3 weeks prior to the commencement of treatments at the winter solstice (21 June 1990). All ewes were monitored for ovarian activity by progesterone measurements on twice-weekly blood sampling (by needle and syringe) throughout the experiment. Ewes were physically and visibly isolated from rams throughout the entire experiment.
The treatment period (21 June to 21 December) was conducted in open-sided sheds with good access to natural light at all times of the day and year. Animals were randomly assigned to one of four groups: (a) a common control group (natural photoperiod), (b) an afternoon melatonin group (Experiment 1), (c) a morning melatonin group (Experiment 2), and (d) a morning darkness (delayed dawn) group (Experiment 2). During the treatment period, animals in groups (a), (b) , and (c) were held in individual pens and group (d) animals were held in one larger pen in a separate area. The morning darkness group was exposed to natural sunset each day but darkness was extended, at dawn, to 09:30 h by the use of lightproof blinds (light level < 5 lux). The &dquo;delayed dawn&dquo; was maintained to 09:30 h to be comparable with the duration of melatonin administration in the morning melatonin group.
When not in treatment conditions, all animals were exposed to a natural photoperiod. At the completion of the treatment period (21 December), all animals of both experiments were transferred to an open paddock for the monitoring of the subsequent onset and offset of ovarian activity.
Experiment 1
The afternoon melatonin group received a 1.0-ml intramuscular injection of 3.0 mg melatonin (Sigma Chemical, St. Louis, MO) in 10% ethanol/90% peanut oil at 1500 h every afternoon during the treatment period. The concentration of melatonin and route of administration were determined from a previous study (Guerin et al., 1994) .
Experiment 2
The morning melatonin group received a daily intravenous infusion of 40 yg/h melatonin (Sigma Chemical), in a 10% ethanol/90% saline vehicle, for 5 h commencing at 04:30 h throughout the treatment period. Three weeks prior to the commencement of the treatment period, a catheter was placed in the dorsal vein of a rear leg of each animal and was tunneled subcutaneously to the shoulder region. A programmable syringe pump (Auto-syringe model AS6MQ Travenol Laboratories, Hookset, NH) held in a waterproof, secured harness was used for the infusion. Melatonin concentration during initial infusion for the 6 animals at two time points were 2421 pmol 1-'+-1597 (range: 462-5742 pmol 1-1). Melatonin infusion solutions were renewed at weekly intervals, and plasma melatonin profiles were monitored 1.5 h after sunrise, on two occasions during the treatment period (at 4 and 17 weeks after commencement) and were confirmed to be at or above normal nighttime physiological levels for all animals at each occasion. In addition, infusion pumps were checked each day throughout the treatment period for correct operation, and the infusion solution was confirmed to have been dispensed correctly throughout the treatment period. Despite identical infusion pumps and a common stock melatonin solution, measured plasma melatonin levels were found to be variable. Individual animals were consistent in the magnitude of melatonin level measured at each sampling: two recording values in the 4000-5000 pmol 1-1 range, one in the 450-550 pmol 1-1 range, and the other three in the 1500-2000 pmol 1-1 range, suggesting differing clearance rates for individual animals.
Blood Sampling
Prior to the commencement of treatments (sampling 1) and then at 6-week intervals (samplings 2, 3, 4, and 5), blood samplings were performed over a 48-h period sufficient to determine the rise and fall of endogenous melatonin under the experimental treatment conditions and subsequently (the immediate next 24 h) under conditions of acutely extended darkness. Sampling occasions 1, 3, and 5 coincided within a week of the winter solstice, spring equinox, and summer solstice, respectively At each sampling occasion, animals were first sampled under the experimental treatment conditions and then, the following day, were moved into a darkroom 5 h prior to the time of sunset until approximately 5 h after the time of sunrise (or lights on for the morning darkness group) and resampled. Blood sampling was performed at halfhourly intervals, and each collection time was achieved within 6 min (maximum) of the stated times. Low-level red light was used to assist in the collection of samples. Actual sampling times varied between groups and between treatments and acutely extended darkness conditions to ensure that the melatonin onsets and offsets would be detected. Animals receiving afternoon melatonin injections were not sampled for the onset of endogenous melatonin, and animals receiving the morning melatonin infusion were not sampled for the offset of endogenous melatonin in the first 24-h collections (under the experimental treatment conditions). For the second 24-h collections (under acutely extended darkness), the afternoon and moming melatonin groups did not receive melatonin treatment. Samples (10 ml) were taken by needle and syringe, blood samples were immediately spun at 2000 rpm for 15 min, and the plasma was frozen until assayed.
Corrections for local summertime clock changes have been allowed for and therefore all results are based on the natural photoperiod. Results reported in circadian time (CT) have CTO as the time of dawn or lights on. In treatments where animals experienced a natural sunrise or sunset, times were taken from official meteorological records.
Melatonin Measurement
Melatonin was assayed in duplicate with 500-Jll plasma aliquots using the extracted radioimmunoassay method of Kennaway et al. (1982) with modifications by Earl et al. (1985) . The intra-assay coefficients of variation over repeated measurements at concentrations of 200 pmol 1-1 and 1000 pmol 1-1 were 11.6% (n = 14) and 5.4% (n = 13), respectively. The interassay coefficients of variation over the course of the assays at similar concentrations were 9.9% (n = 14) and 7.6% (n = 13), respectively. The sensitivity of each assay was calculated as 95% of the zero standard, and the mean (and SEM) of all assays was 53.3 pmol 1-1 ± 22.6. Samples from each treatment group at each sampling occasion were always done in the same assay. The onset (and offset) of the melatonin rise was defined as the initial sample obtaining a meaningful detectable (undetectable) melatonin above (below) the assay sensitivity provided subsequent samples sustained the rise (absence). In practice, the elevated melatonin level was typically three to four times the assay sensitivity and hence the rise and fall were readily determined. Figure 1 shows the melatonin results of 1 typical control group animal measured at the winter solstice sampling and illustrates onset and offset times.
Progesterone Measurement
Progesterone was assayed using the direct 12S1 radioimmunoassay of Farmos Diagnostics (Turku, Finland) with charcoal-filtered sheep plasma used as quality controls. The manufacturer's recovery data on spiked samples of 4.5 nmol 1-', 9.1 nmol 1-1, and 18.2 nmol 1-1 were 100.0, 99.0, and 97.3%, respectively. The intra-assay coefficients of variation over repeated measurements at concentrations of 6.4 nmol 1-1 and 30 nmol 1-1 were 5.2 and 5.2% (n = 44), respectively The interassay coefficients of variation over the course of the assays at similar concentrations were 17.1 and 4.1% (n = 44), respectively The sensitivity of each assay was calculated as the smallest detectable concentration, equivalent to twice the standard deviation of the zero binding value (approximately 0.5 nmol 1-1), as per the manufacturer's protocol. Confirmation of ovarian activity was determined when animals exhibited a regular cyclic pattern of a progesterone rise followed by a period at baseline levels. The commencement of the breeding season was taken to be the date of the first progesterone value above baseline that was part of a continued pattern and is expressed as the number of days from the 1990 summer solstice (21 December).
The onset of anestrus was taken as the date of the last progesterone value above baseline at the completion of the cycling progesterone pattern, also expressed as the number of days from the 1990 summer solstice. In practice, the rise was readily identified and definable as elevated values were typically 10 to 20 times higher than the minimum detectable level.
Statistics
Two-way analysis of variance was used to test for the effects of overall treatment, sampling occasions, and their interactions (i.e., the effect of treatment on sampling occasions) for the onset and offset times of endogenous melatonin and the duration of the elevation (the time interval between the onset and offset times). Testing between groups was then carried out by Scheffe's post hoc tests (Snedecor and Cochran, 1980) . The times of the rise (and fall) of elevated melatonin were tested against the time of dark onset (offset) by using paired t tests on the resultant intervals between the rise (fall) and the time of dark onset (offset). The onset and offset of the breeding season (in 1991) between groups were tested using unpaired t tests using the day number of the first detected progesterone rise, with Day 1 being the previous year's summer solstice (21 December 1990). The duration of ovarian activity for each animal was also tested using unpaired t tests.
RESULTS

Experiment 1
The results of the five blood-sampling occasions for the monitoring of the plasma melatonin onset and offset under experimental treatment conditions (the first 24 h of sampling) and under acutely extended darkness conditions (the second 24 h of sampling) are presented in Table 1 (in clock time) and illustrated in Fig. 2 (in circadian time) . The melatonin onset and offset times measured at the winter solstice (sampling 1, before treatments commenced) were not different between the two groups and not different from those measured under acutely extended darkness. The times of melatonin offset under experimental treat-ment conditions were not different with respect to the time of sunrise for both groups at sampling 2 but were later than sunrise at the subsequent three sampling times (p < .001).
Under conditions of acutely extended darkness (the second 24 h of sampling), melatonin onset times overall were earlier (phase advanced) for the afternoon melatonin group than they were for the control group during the experimental treatment period (p < .001). Melatonin offset times measured under acutely extended darkness were not different between the two groups on any occasion, and these were later than the time of sunrise at sampling occasions 3, 4, and 5 (p < .001). Under conditions of acutely extended darkness, the durations of the elevated melatonin levels for the afternoon melatonin group were not different from those of controls except on occasion 4 when it was longer (p < .05).
The onset of the ovarian activity was delayed by the afternoon melatonin treatment (p < .01) with the control group first showing elevated progesterone values Table 1 . The mean melatonin onset and offset times (SEM in parentheses), in clock times, and the duration of elevated melatonin (SEM in parentheses), in hours, for all groups under natural conditions and acutely extended darkness for the five sampling occasions. Sunset, sunrise (or &dquo;lights on&dquo;), and dark duration times for each sampling occasion are given. Differences in melatonin parameters between groups at each sampling occasion are indicated by superscripts. NOTE: In the &dquo;natural melatonin rhythm&dquo; columns, superscript a indicates earlier than superscript b (p < .001) and superscript c indicates shorter than superscript d (p < .001). In the &dquo;extended melatonin rhythm&dquo; columns, superscript e indicates earlier than superscript f (p < .05), superscript g indicates earlier than superscript h (p < .05), superscript i indicates earlier than superscript j (p < .05), and superscript k indicates shorter than superscript I (p < .05). 104.7 ± 11.0 days after the summer solstice compared to the treatment group at 124.6 ± 5.1 days. There was no difference between the subsequent timing of anestrus : 194.5 ± 8.2 days after summer solstice (group [b]) compared to 207.8 ± 11.2 days (control). Despite the different timing of ovarian activity onset, there was no difference between the duration of the breeding season of the two groups.
Experiment 2
The results of the five blood-sampling occasions for the monitoring of plasma melatonin onset and offset under experimental treatment conditions (the first 24 h of sampling) and under acutely extended darkness conditions (the second 24 h of sampling) are presented in Table 1 (in clock time) and illustrated in Fig. 2 (in circadian time). The melatonin onset and offset times measured at the winter solstice (sampling 1, before treatments commenced) were not different between the groups and not different from those measured under acutely extended darkness. At all the sampling occasions under the conditions of the experiment (the first 24 h of sampling), the times of melatonin onset were either not different from or later than sunset, and there were no differences between groups. The times of melatonin offset under experimental treatment conditions for the morning darkness group were later than those for the control group (p < .001) and were not different from the time of &dquo;lights on&dquo; (09:30 h) at samplings 2, 3, 4, and 5. The infusion of melatonin in the morning melatonin group commenced earlier (04:30 h) than the melatonin offset times for the control group at all sampling occasions. The duration of elevated endogenous melatonin was longer for the moming darkness group than it was for the control group at all sampling occasions during the treatment period (p < .001).
Under conditions of acutely extended darkness (the second 24 h of sampling), melatonin onset times of the morning infusion group were not different from those of controls, and these times were earlier (except occasion 4) than sunset (p < .05). The onset of melatonin measured under acutely extended darkness for the morning darkness group overall was later compared to that for controls (p < .001) and was not different from the time of sunset at any of the four treatment period samplings. Melatonin offset times measured under ' acutely extended darkness were delayed for the moming darkness group compared to those for controls (p < .001), were not different from the time of &dquo;lights on&dquo; at any of the samplings, and were not different from offset times measured under treatment conditions. Under conditions of acutely extended darkness, the durations of the elevated melatonin levels for the morning melatonin infusion group were not different from those for the controls. The durations of the elevated melatonin for these two groups were the same for samplings 1, 2, and 3, which were longer than occasions 4 and 5 (p < .05). The morning darkness group showed no change in duration between any of the sampling occasions and the durations for this group were not significantly different from those for the controls, although the melatonin rhythm was phase delayed relative to that for the control and morning melatonin infusion groups.
There was no difference in the timing of the onset of the ovarian activity between the control and moming melatonin infusion groups with elevated proges-terone values commencing 104.7 ± 11.0 and 106.7 ± 6.7 days after the summer solstice, respectively. However, the morning darkness group was later compared to the other two groups (p < .01) and showed elevated progesterone values 125.6 ± 2.2 days after the summer solstice. There were no differences between the subsequent timings of anestrus of the three groups: 194.5 ± 8.2, 191.2 ± 6.2, and 204.4 ± 7.7 days after summer solstice for the control, morning melatonin infusion, and morning darkness groups, respectively Despite the different timings of ovarian activity onsets, there were no differences between the durations of the breeding season of the three groups: 89.8 ± 11.1, 84.5 ± 6.2, and 78.8 ± 8.9 days after summer solstice for the control, morning melatonin infusion, and darkness groups, respectively DISCUSSION The appreciation of a long-day signal to time estrus correctly has assisted the understanding of the underlying mechanism for the natural timing of estrus Malpaux et al., 1989) . The result of Experiment 1 demonstrated the importance of melatonin and the long-day signal because exogenous melatonin administered before dusk (before the summer solstice) delayed the onset of the subsequent breeding season. This result confirmed the findings of our previous study (Guerin et al., 1994) when melatonin, darkness, or a combination of both provided at dusk before the summer solstice was associated with a delay in the onset of the breeding season. These findings contrast with the well-appreciated effect of exogenous melatonin given at dusk, after the summer solstice, which has been shown by a number of studies to advance the breeding season (Kennaway et al., 1982; Nett and Niswender, 1982; Arendt et al., 1983) .
The measurement of endogenous melatonin under acutely extended darkness in this study provides some insight into the possible underlying mechanism for the timing of estrus. Animals provided with exogenous melatonin at dusk prior to the summer solstice showed a phase advance of endogenous melatonin onset (measured under acutely extended darkness) without change in the melatonin offset. This phaseadvancing effect of exogenous melatonin on circadian rhythms has been well recognized in several studies including those on free-running rats, by daily injection (Redman et al., 1983) , and on sighted and blind humans, by oral administration (sighted: Arendt et al., 1988; blind: Sack et al., 1990) . Our group of animals delayed the subsequent breeding season, and a likely explanation is that the long-day signal was not received (or the time of reception was delayed) and that the temporal coincidence of exogenous melatonin with a critical interval (receptive to light), as marked by the onset of endogenous melatonin under extended dark conditions, was involved. Because a similar phase-advancing effect on the melatonin onset was also found with additional darkness at dusk (Guerin et al., 1994) , it would appear likely that either the absence of light or the presence of melatonin (in natural light) at the critical interval will effectively block the long-day signal.
In a previous study (Matthews et al., 1992) , when animals in the natural photoperiod were sampled under acutely extended darkness, melatonin secretion demonstrated a rather stable phase and duration from the winter to the summer solstice. In the present study, for the control group, the onset and the offset of melatonin secretion sampled under acutely extended darkness occurred prior to dusk and after dawn, respectively, under conditions of decreasing night length. This was similar to our previous finding; however, with the more frequent sampling in this study, we observed a shorter duration of melatonin secretion (p < .05) after the spring equinox (a period of rapidly increasing day length), which then remained stable until the summer solstice. This suggests that under natural photoperiodic conditions (at the latitude of this study), there is some compression of melatonin secretion under extended darkness during the summer and some expansion during the winter. This contrasts with our findings in the human where the phase and duration of melatonin measured under dim light conditions appeared constant and restricted to within the darkness throughout the year (Matthews et al., 1991) , and this may be a reflection of the nonseasonal behavior of humans at this latitude. Wehr (1991) reported a change in duration of human melatonin secretion under dim light conditions in alternating long and short photoperiods; however, this may have been a response to an artificial rapid change in photoperiod duration not normally detected under natural conditions. Experiment 2 examined the effect of dawn treatments before the summer solstice on the timing of the breeding season. A rigorous test of the hypothesis that a critical interval exists at dusk is the results of those animals that were denied the light of natural dawn (morning darkness group). Both the onset and the offset of endogenous melatonin secretion under acutely extended darkness were phase delayed, and thus the critical interval was not exposed to natural dusk light. The unmasked onset of endogenous melatonin secretion was at all times at or after the time of natural sunset. Because the breeding season was also delayed in this group of animals, the inference is that the light signal was not received (or was delayed) as natural dusk light was denied access to the critical interval due to the general phase delay of the endogenous circadian pacemaker. By contrast, the administration of melatonin by infusion at dawn demonstrated no impact on the phase of the endogenous circadian pacemaker and in particular was not associated with a phase delay of melatonin onset. Thus the start of the unmasked melatonin onset was coincident with and exposed to natural dusk light and, presumably as a consequence, the timing of estrus was normal.
Exactly how endogenous melatonin transduces the photoperiod is not known. The secretion of endogenous melatonin measured under natural conditions generally reflects the changing duration of night, and in the pinealectomized animal exogenous melatonin provided at appropriate durations can predictably change reproductive status (Bittman and Karsch, 1984; Yellon et al., 1985; Robinson and Karsch, 1988) . Thus the varying duration of melatonin secretion is the most favored hypothesis. The differing modes of exogenous melatonin administration in Experiments 1 and 2 reported here do not allow an exact comparison, but the impact on the timing of the breeding season (delayed by afternoon injections compared to normal timing with morning infusion) and the effect of the two treatments on the endogenous circadian pacemaker's critical interval as marked by the unmasked melatonin onset (phase advanced by afternoon injections compared to a normal phase position with morning infusion) do not appear to support a simple duration signal of melatonin. Wayne et al. (1988) examined the possibility of a light-entrained sensitive period but found no support for the view. However, the current study, performed under near natural conditions, suggests the presence of a sensitive period during daylight during the spring and summer. In addition, the administration of melatonin appears to entrain (advance) the circadian rhythm (and hence the critical interval) as a result of the afternoon melatonin injections. Wayne et al. (1988) concede that these two findings may challenge their conclusions.
While the duration of exogenous melatonin administration was comparable in the two experiments, it is still possible that the mode of administration affected the results; however, no directly comparative evidence is available on the impact of differing modes of melatonin administration on reproductive timing. Although the supraphysiological levels attained by melatonin injection (afternoon melatonin group) may have been responsible for the delay of the breeding season, a similar response on ovulation timing was also observed by extending the darkness in the morning (morning darkness group) and in the afternoon (Guerin et al., 1994) in the presence of physiological levels of endogenous melatonin. This contrasts with the normal timing of estrus onset following exogenous morning infusion of melatonin (morning melatonin infusion group). Only a direct comparison of the reproductive responses to infused morning and afternoon melatonin would test conclusively whether the exogenous melatonin profile is a factor. It is interesting to note that when melatonin was administered orally to mares in the morning or the afternoon, only afternoon administration caused any reproductive response (Guillaume and Palmer, 1991; Palmer and Guillaume, 1992), a finding similar to that in this study.
Because an earlier dusk was associated with an advance in melatonin onset (Guerin et al., 1994) , it is not possible to discern whether it was the absence of light (i.e., darkness) or the presence of melatonin-or a combination-that is required at dusk to produce the effect. Pinealectomized sheep (melatonin free) do display annual reproductive activity (Matthews et al., 1981; Bittman, Karsch, and Hopkins, 1983) , albeit ill timed, suggesting that the presence of melatonin may not be critical to the annual rhythm of reproduction but may be crucial to achieve precision in timing of the breeding season (Bittman and Karsch, 1984; Bittman, Dempsey, and Karsch, 1983) . Afternoon exogenous melatonin in the presence of natural light produces an identical delay in the timing of estrous onset, as does additional darkness in the afternoon (Guerin et al., 1994) ; this suggests that melatonin (at dusk) is as important as, if not more important than, darkness for the signal for timing.
The end of seasonal ovarian activity was similar in all groups of both experiments; this result was similar to that in our previous study (Guerin et al., 1994) . In the latter study, the overall duration of estrus was shorter in the group that delayed commencing seasonal reproduction, but no such differences in duration were evident in the current study The signal for the cessation of reproductive activity is not known, but the similar date for anestrus of all groups in the current study suggests a common response to an environmental influence. The general time for offset of reproductive activity is approximately 200 days after the summer solstice at our latitude (35° S). From the results of control animals in this study, when sampled under acutely extended darkness, natural dusk light had already coincided (by 1 h) with the critical interval. If this is important, then light reception at the critical interval may be a common signal both for the cessation of estrus and for setting up the sensitivity of the reproductive centers to the following autumn's short-day signal. The precise identification of the temporal location of a light-sensitive phase should allow more efficacious manipulation of the timing of estrus and increase our general understanding of the timing mechanism of seasonal breeding.
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